Endocrine-disrupting chemicals (EDC) are widespread in the built and natural environments. Heightened public awareness of their potential danger has led to concern about whether EDC and their metabolites have significant negative biological effects. Studies have shown that EDC like DDT and other organochlorine pesticides, such as methoxychlor (MXC), have adverse effects on immune cells, but no studies have addressed the impact of HPTE, the primary metabolite of MXC. To elucidate the presence and significance of HPTE adverse effects, this study explored the impact of HPTE on a critical window and component of immune system development, embryonic T-cell development. Lesions at this phase of development can lead to lifelong immune dysfunction and increased incidence of immune disease, such as autoimmunity. Embry-onic thymocytes (GD 16-18) from C57BL/6 mice were subjected to an in vitro differentiation culture that mimicked early steps in thymocyte development in the presence of 0.005, 0.05, 0.5, 5, or 50 μM HPTE, or a model endocrine disruptor, DES. The results indicated that compared to the vehicle control, HPTE and DES induced death of thymocytes. Annexin-V staining and Caspase 8, markers of programmed cell death, revealed that the loss of cells was due at least in part to induction of apoptosis. Moreover, HPTE-induced cell death not only resulted in selective loss of double positive thymocytes, but also loss of developing CD4 intermediate cells (post-double positive partiallydifferentiated thymocyte population). Phenotypic analysis of thymocyte maturation (T-cell receptor, TCR) and TCR ligation (CD5) surface markers revealed that surviving embryonic thymocytes expressed low levels of both. Taken 
Introduction
Organochlorines are a class of chemicals that persist in the environment, accumulate in humans and other organisms, and have been associated with increased risk of cancer, develop-mental defects, endocrine dysfunction, and alteration of immune competence (Caserta et al. 2011; Meeker 2010) . Globally, organochlorine pesticides represent a significant and ongoing body burden (Shettgen et al. 2015) due to their lipid partitioning, bioaccumulation, and resistance to degradation, all of which contribute to their persistence. While the potential hazards of this class of chemicals were first systematically raised by Rachel Carson's Silent Spring in 1962, the mechanisms whereby these chemicals mediate their negative effects are still not understood more than 50 years later. Moreover, for nearly two decades, investigators have called attention to the possible relationship between immune dysfunction and environmental toxicants (Ahmed et al. 1999; Ahmed 2000; Winans et al. 2011) . However, the impact and mode of action of organo-chlorines and their metabolites on the immune system have still not been clearly elucidated (Dietert 2014; Heindel et al. 2015) .
Methoxychlor (MXC) is a pesticide and a model compound for more persistent organochlorine pesticides like DDT and its metabolite DDE (p,p′-dichlorodiphenyldichloro-ethylene). While MXC was not re-licensed in 2003, interest in MXC persists due to its continued use through 2007 (as existing supplies were used up), its manufacture beyond 2003, its application on crops imported into the USA, and its potential transgenerational effects (Manikkam et al. 2014) . During its peak use, the estimated daily intake for females ages 25-30 years was 1.2 ng/kg/d and for 2-year-olds was 6.3 ng/kg/d (Gunderson 1988) . The Canadian total diet study reported detection of MXC in five percent of food samples tested with a mean level of 37.8 ng/g (Rawn et. al. 2004 ) and MXC has been detected in blood and adipose tissue (Botella et al. 2004) , as well as in placenta and breast milk at micromolar concentrations (Damgaard et. al. 2006; Shen et. al. 2007 ). MXC has been associated with developmental, reproductive, neuro-, and immunotoxicity in mammals (CA EPA 2010) .
MXC has been shown to be metabolized in a variety of organisms and to enhance its own metabolism (Li et al. 1995; Stuchal et al. 2006) . The primary metabolite of MXC is 1,1,1-trichloro-2,2-bis(4-hydroxyphenyl) ethane (HPTE). While HPTE has been shown to be more estrogenic than MXC (Bulger et al. 1978; Ousterhout et al. 1981; Shelby et al. 1996; Hodges et al. 2000) , little work has been done to specifically elucidate effects of HPTE on exposed animals or to measure levels of HPTE generated in MXC-treated animals. Without an understanding of conversion efficiency in animals, discrepancies in results are difficult to reconcile, particularly when variations in dose can lead to differences in response. For example, in a uterine cell line, HPTE induced proliferation at nM doses and growth inhibition at μM doses (Hewitt and Korach 2011) . Lastly, none of the few studies that probed effects of HPTE directly addressed the impact of HPTE on immune system development, even though HPTE is the likely mediator of MXC effects.
A critical component of the adaptive immune response is the T-cell. T-Cell precursors must undergo differentiation in the thymus to become functionally mature. The thymus has been shown to be sensitive to chemical insult by a wide variety of natural (e.g., estrogen) and synthetic chemicals (e.g., diethylstilbestrol [DES] , pesticides like MXC, and other so-called endocrine disrupting chemicals [EDC] ). Excess estrogen either due to pregnancy (Rijhsinghani et al. 1996; Zoller et al. 2007) or added exogenously (Staples et al. 1998 (Staples et al. , 1999 Okasha et al. 2001; Zoller and Kersh 2006) induced thymic atrophy and substantially diminished the presence of double-positive (DP) thymocytes. Studies of estrogen-induced thymic atrophy indicated that cell losses may be due to loss of the earliest thymic progenitors (ETP) or double-negative (DN) thymocytes in the thymus, but not loss of bone marrow progenitors (Zoller et al. 2007) . Similarly, in DES-exposed animals, the thymus atrophied and the DP population was diminished (Holladay et al. 1993; Lai et al. 1998; Calemine et al. 2002; Fenaux et al. 2004; Bestemann et al. 2005) as well. These data suggested to us that thymocyte populations may be particularly susceptible to elevated estrogen or estrogenic EDC exposure. DP cells compose the population of thymocytes that is primarily targeted for positive and negative selection, differentiation events that probe thymocyte functionality and the propensity for autoreactivity. By these processes, cells with a functional T-cell receptor (TCR) that is not autoreactive are allowed to survive. Maturation of DP thymocytes results in semi-mature intermediates (CD4 intermediates; Cibotti et al. 1997; Kishimoto and Sprent 1997) that ultimately give rise to naïve CD4 + CD8 − or CD4 − CD8 + single positive (SP) thymocytes (Singer et al. 2008; Hogquist et al. 2015; Kurd and Robey 2016) . Only a single study thus far (i.e., Brown et al. 2006a) attempted to examine whether in addition to cell loss, differentiation of the DP population might be altered as well in DES-exposed animals. However, interpretation of these data was complicated by the in vivo model used (H-Y TCR transgene). Thus, it remains unclear whether the developmental programming of thymocytes is altered by EDC exposure.
The differentiation process not only involves changes in surface expression of CD4 and CD8 on thymocytes but also in the expression and signaling of TCR on the surface of the cell. When TCR + thymocytes signal, CD5 expression is induced (Azzam et al. 1998) . The level of CD5 surface expression depends on the avidity of the TCR (Azzam et al. 2001 ) and serves to dampen the TCR signal intensity during thymocyte development (Tarakofsky et al. 1995) . In this manner CD5 serves as both an indicator and regulator of TCR signaling in thymocytes, influencing the normal selection of functional thymocytes.
Aberrations of the normal developmental process by EDC potentially lead to immune dysfunction later in life (Noller et al. 1988; Ahmed et al. 1999; Heilmann et al. 2006) . However, none of the studies of other EDC like estrogen and DES, have probed the phenotype (other than basic population determination) or activation status of impacted thymocytes to determine whether cell maturation stage and TCR ligation history might influence EDC susceptibility. Moreover, it is difficult to compare prior studies given that few have used the same route of administration (e.g., intraperitoneal injection, subcutaneous injection, feeding, or gavage), stage of development (e.g., adult, 3-wk-old, 5-wk-old, prenatal, post-natal) , duration of treatment (e.g., hours, days, weeks), or assays to analyze outcomes. Furthermore, in vivo studies have been confounded by endogenous mechanisms for removal of apoptotic cells, making these studies challenging to interpret. Careful and methodical examination of EDC impact is necessary to identify what makes thymocytes susceptible to EDC exposure.
The current study was the first to investigate direct effects of HPTE on thymocytes from one of the most vulnerable populations, i.e. embryos, and to determine whether EDC perturbed normal establishment of the immune system. To achieve this goal the study differed in method and approach from previous research. Specifically, in vitro analyses and use of the metabolite HPTE in culture were employed. These approaches allowed for minimization of confounding variables associated with prior studies, while still examining the dynamic process of embryonic T-cell development. The in vitro differentiation culture mimicked early steps in thymocyte development (Cibotti et al. 1997) , primarily positive selection, using a combination of surface receptor antibodies that trigger the early steps of maturation and induce partial differentiation of thymocytes from the double positive stage to the CD4 intermediate stage. This study reports on the impact of HPTE exposure on early embryonic thymocyte differentiation, including the induction of apoptosis, the population phenotype and the activation status of embryonic thymocytes most susceptible to HPTE effects.
Materials and Methods

Animals
All experiments were approved and conducted under the supervision of the Institution Animal Care and Use Committee, in accordance with federal guidelines for the care and use of live animals in research (Guide, 8 th Edition, NRC 2011). C57BL/6 mice were purchased from Simonsen Labs (Gilroy, CA). Timed-matings were performed in house or by the vendor to produce embryos aged 16-18 days post-fertilization (dpf). Mice were maintained in polypropylene cages in a facility maintained at 20-24°C with a 40-45% relative humidity and a 12-hr light cycle. All mice had ad libitum access to standard rodent chow and filtered water.
Chemicals
Endocrine disruptors (i.e., EDC), diethylstilbestrol (DES, purity 100%; Melnick et al. 1987; Harris and Waring, 2012; Reed and Fenton, 2013) and HPTE (2,2-bis(phydroxyphenyl)-1,1,1-trichloroethane (purity 97%; methoxychlor metabolite) were bought from Sigma-Aldrich (St. Louis, MO). MXC is normally metabolized in the liver (Kapoor et al. 1970) to form HPTE and 2-(p-hydroxyphenyl)-2-(p-methoxyphenyl)-1,1,1-trichloroethane. As such, here, the metabo-lite HPTE was used instead of the parent molecule to avoid confounding effects of a lack of metabolism in primary culture.
In vitro differentiation assay
In brief, prior to receiving any cells, 96-well plates were prepared and incubated 24 hr at 4°C with purified antibodies to CD2 (RM2-5, Rat IgG 2b ) and the T-cell receptor (TCR; H57-597, Armenian Hamster IgG), alone or in combination. Each antibody was purchased from BioLegend (San Diego, CA) and used at 5 and 10 µg/ml, respectively, based on Cibotti et al. (1997) and empirical work. This combination of antibodies has been shown to induce differen-tiation of DP cells into CD4 intermediate CD8 low thymocytes (Cibotti et al. 1997; Punt et al. 1994; Skånland et al. 2014) . Plates were washed with medium to remove unbound antibody immediately before use with cells.
For the assay, embryonic thymocytes (gestational day [GD] 16-18) were teased into single cell suspensions in complete RPMI 1640 (cRPMI; RPMI 1640 [Caisson Labs, Smithfield, UT] supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 50 μM β-mercaptoethanol, and 1% penicillin/streptomycin [all Gemini Bioproducts, Sacramento, CA]). Note: Thymocytes were processed and cultured in the absence of phenol red to avoid confounding effects of phenol red estrogenicity (Berthois et al. 1986 ). After counting, the thymocytes were placed in the wells (4 × 10 5 cells/well) and then incubated for 18-24 hr at 37°C in the antibody-coated plates (signaling culture). At the end of the signal culture period, cells were removed by careful pipetting, washed in cRPMI, and transferred to a fresh, uncoated 96-well plate. Embryonic thymocytes were incubated an additional 18-24 hr in the absence of antibodies (recovery culture) to facilitate re-expression of surface markers, such as TCR, and completion of differentiation.
To assess effects of the test agents, cells were exposed to a range of levels (0.005, 0.05, 0.5, 5.0, or 50 μM) of HPTE or DES ; these doses were selected based on a survey of published studies and empirical work. HPTE is 20-100 times more estrogenic than the parent molecule and only about 10-fold less potent than estradiol; DES has approximately equivalent estrogenic activity to estradiol (Shelby et al. 1996) . In general, HPTE or DES were added to in vitro differentiation assays during the signaling culture (signaling alone) then removed when cells were transferred to their recovery cultures. For apoptosis studies, embryonic thymocytes were incubated for 2, 4, 6, 8 or 6, 18, 21, or 24 hr during the signaling culture in the presence of 50 μM HPTE or DES.
Phosphatidylserine staining
During early induction of apoptosis, phosphatidylserine (PS) becomes associated with the outer membrane leaflet. Annexin V-FITC (BioLegend) was used to identify cells in early stages of apoptosis as it binds PS. In brief, cells in differentiation cultures were treated with EDC for indicated times, centrifuged to remove the treatment, then stained with Annexin V as per manufacturer protocols. The cells were then washed and stained with propidium iodide (PI, 200 ng/ml final concentration; Sigma), an impermeant dye excluded from membrane-intact cells. The combined stains allowed for identification of live (AnV − PI − ), apoptotic (AnV + PI − ), late apoptotic or necrotic (AnV + PI + ), and necrotic (AnV − PI + ) cells. Controls treated with vehicle/diluent only (negative control; Figures 3A-3J , open circles or triangles) or 0.4 μM DEX (positive control; Figures 3E and 3J) were also generated. Watersoluble DEX alone can induce apoptosis and its hallmarks (e.g., PS flipping and caspase 8 activation). The matched negative control for DEX was the "no antibody" condition in medium. In all cases, cells were collected on an Accuri C6 system and analyzed using FlowJo software (both BD Biosciences, San Diego, CA). For each sample, a minimum of 10,000 events was acquired.
Caspase activation
Caspase 8 expression on cells is associated with induction of death via T-cell receptor ligation or Fas/Fas ligand interactions (Pozzesi et al. 2014) . As caspase 8 has a functional role in DP thymocyte apoptosis (Jiang et al. 1999) , embryonic thymocytes were probed for any changes in caspase 8 activity using a caspase 8-specific fluorophore-labelled peptide. Cells with activated Caspase 8 (presumed apoptotic) were identified by staining with CaspaLux ® 8 L 1 D 2 (Onco-immunin, Gaithersberg MD) according to manufacturer protocols. In brief, cells in differentiation culture were treated with EDC for the indicated times, centrifuged to remove treatment, then re-suspended in CaspaLux ® 8 L 1 D 2 substrate solution and incubated at 37C for 1 hr in the dark. Fluorescence induced by peptide cleavage (via activated caspase 8) was used to define caspase 8 + cells. Cells were then washed in 1 ml kitprovided dilution buffer and re-suspended for flow cytometry collection. Samples were collected on the Accuri C6 system twice, as recommended, in the absence/presence of PI, and analyzed. A minimum of 10,000 events/sample was acquired.
Abs and flow cytometry staining
TCR expression levels reflect thymocyte maturational stage. Thymocytes that express no or low levels of TCR are immature; those with high levels are more mature. Following the above treatments, the isolated cells underwent labeling with a cocktail containing the following antibodies (all BioLegend) that had been titrated for use to stain freshly isolated and cultured thymocytes. The antibodies used included APC-anti-CD4 (clone RM4-5, rat IgG 2a ), FITC-anti-CD8 (clone 53-6.7, rat IgG 2a ), PE-anti-CD5 (clone 53-7.3, rat IgG 2a ), PE/Cy5-anti-TCR (clone H57-597, Armenian hamster IgG). In brief, the isolated cells were stained with fluorochrome-conjugated antibodies for 30 min in the dark on ice, then washed with phosphate-buffered saline (PBS, pH 7.4) containing 1% FBS. Thereafter, the cells were immediately collected on the Accuri C6 system and analyzed. In each case, a minimum of 10,000 events/sample was acquired, and levels of marker expression (and hence, population dynamics/status) determined for each treatment group.
Statistical analyses
Repeated measures Analysis of Variance (rANOVA) was applied to experiments with a repeated time element (e.g., toxicant was administered to same culture at multiple timepoints). The dependent variable, which represented the experimental outcome, was population mean cell number ( Figure 2 , Table 1 ; DN, DP, CD4, CD8, or total cell population), Annexin V + /PI − mean cell number ( Table 8 ). One independent variable represented the antibody condition, while the other independent variable is a block designed to control for variation introduced by treating cell populations at different times. The assumptions underlying rANOVA analyses were tested and the dependent variable transformed with the natural log due to non-normality or a violation of sphericity. Tukey-Kramer post-hoc tests were also performed when the results from the rANOVA evaluations were significant (p-value < 0.05).
To test if there were differences in the means between doses 0 and 50 μM within each experimental state, non-parametric t-tests, Kolmogorov-Smirnov (KS) tests, were run on each cell type. A Bonferroni correction (c.f., Bland and Altman 1995; Altman and Krzywinski 2017) was applied to each round of tests to diminish likelihood of Type I errors (finding significance when not present) in analyses testing multiple hypotheses. All rANOVA, post-hoc analyses, and KS tests and were conducted in R (R Core Team 2013) and graphs were developed in Microsoft Excel. Sphericity tests were completed using SPSS (IBM, Armonk, NY).
Results
In vitro response of primary embryonic thymocytes
To see if exposure to HPTE abrogated developmental pathways in embryonic thymocytes, primary cells were harvested from normal gestational day (GD) 16-18 C57BL/6 embryos. Embryonic thymocytes were then cultured in vitro in the presence of plate-bound antibodies to CD2, TCR, or both (anti-BOTH) to mimic in vivo signaling events that lead to survival, differentiation, or both, respectively (Cibotti et al. 1997) . With anti-CD2 alone, thymocytes remained DP in culture ( Figure 1A ), with anti-TCR alone a small proportion of DP thymocytes differentiated to CD4 intermediate cells ( Figure (Table 1) , the mean live cell number within each antibody condition was significantly decreased at the 50 μM dose for at least two thymocyte populations, regardless of antibody condition, except anti-BOTH DMSO which received only the vehicle DMSO. Moreover, specific populations of thymocytes, particularly DP and CD4, were consistently affected at 50 μM, with near complete loss of the CD4 intermediate population. DP loss in DES-or HPTE-treated cultures was similarly observed in all antibody conditions. DP loss was statistically significant under all antibody conditions for both toxicants, except in the anti-BOTH condition treated with HPTE where DP loss also occurred but was not statistically significant.
Apoptosis
Annexin V -PS-To determine whether treatment with the EDC induced apoptosis as measured by Annexin V and PI staining, cultured embryonic thymocytes were harvested 2, 4, 6, and 8 hr after the EDC was added to the signaling culture (Figure 3 ). Annexin V + /PI − cell counts differed between the controls (open circles) and treatment (closed circles) within anti-CD2 ( Figures 3A and 3F ), anti-TCR ( Figures 3B and 3G) , and anti-BOTH conditions ( Figures 3C and 3H ) and positive control DEX ( Figures 3E and 3J) , with EDC-or DEXtreated cells having a larger number of Annexin V + /PI − cells. HPTE treatment appeared to induce PS surface expression earlier (perhaps as early as 4 hr, Figures 3F-3H ) and to induce a larger number of cells to express surface PS than DES.
Data from DES-or HPTE-treated and control embryonic thymocytes were analyzed by rANOVA ( Table 2) . The results revealed a significant increase in Annexin V + /PI − cells under most conditions (p-value within condition) treated with DES or HPTE, except for BOTH-DMSO (the vehicle control), which did not increase.
Comparing all timepoints to each other for the anti-BOTH condition (i.e. differentiated cells), DES-treated cultures did not differ from each other (Table 3 : a-f). However, a significant increase in Annexin V + /PI − cell counts was noted in HPTE-treated cultures at 6-and 8-hr compared to at 2 hr (Table 3 : b and c); however, outcomes at these two timepoints did not differ from one another (Table 3 : l) or from those at 4 hr (Table 3: j and k). Twotailed Kolmogorov-Smirnov tests confirmed significant differences between controls and DES at 6 hr in the anti-BOTH condition and DEX (Table 4) . Whereas, HPTE showed significant increases at 6 hr in all antibody conditions, anti-CD2, anti-TCR, and anti-BOTH, and DEX, compared to controls.
Caspase 8-Caspase 8 appeared to be activated at the earliest analyzed timepoint (i.e., 6 hr) in the differentiating (anti-BOTH condition, Figures 4E and 4F ) embryonic thymocytes exposed to DES ( Figure 4E , closed circles), HPTE ( Figure 4F , closed circles), or DEX ( Figures 4E and 4F , closed triangles). This timing of Caspase 8 activation correlated with the rapid appearance of Annexin V + /PI − cells (Figure 3) . Induction of caspase 8 activity peaked at 18 hr, remaining high through the 24-hr point with DES-or HPTE-treated cultures; in contrast, in DEX-treated cultures, caspase 8 activity declined to control levels by the 24-hr point ( Figures 4E and 4F ).
rANOVA analysis of EDC-treated embryonic thymocytes (Table 5 , p-value within condition) revealed statistically significant increases in the percent caspase 8 + cells in DES-or HPTEtreated cells compared to controls under all conditions, except for the BOTH-DMSO (the vehicle control) condition, which did not increase. Significant increases were also observed over time in cultured thymocytes under all antibody conditions (Table 5 , p-value across hours). For DEX, the peak in percent caspase 8 + cells that occurred at 18 hr and declined in subsequent timepoints ( Figures 4E and 4F ) complicated analysis of significance across hours, yielding contradictory results of no significance (Table 5 DES) and significance  (Table 5 HPTE Post-hoc analysis comparing EDC-treated embryonic thymocytes to the BOTH-DMSO control (Table 6a , 6d), confirmed that the significant increases by EDC were above and beyond the background. DEX-treated samples were also significantly increased compared to medium control -no antibodies (Table 6b , 6e), but not to EDC (Table 6c , 6f). For the EDC, post-hoc tests showed that a 6 hr duration of DES (Table 7a-7c) or HPTE (Table 7g-7i) was significantly different than at any other duration for anti-BOTH conditions.
Phenotypic analysis of markers for maturation and ligation
To further understand which stages of development were targeted by EDC, or whether cell death observed was non-specific, surface TCR and CD5 expression was examined. When the surface phenotype of embryonic thymocytes treated with EDC was probed, DN and DP cells surviving high-dose EDC treatment from differentiation cultures with TCR antibodies (alone or in combination with CD2 antibodies) had lower TCR and CD5 expression levels than untreated or low dose-treated cells ( Figure 5 ). For DN cells, the CD5 high peak was completely lost in cultures treated with DES ( Figure 5A , bottom trace) or HPTE ( Figure 5E , bottom trace). For DP cells, the mean fluorescence intensity of surviving cells shifted left in cultures treated with 50 µM DES ( Figure 5C , bottom trace) or 50 µM HPTE ( Figure 5G , bottom trace). TCR expression in surviving cells showed the same leftward shift in DN and DP cells in cultures treated with 50 µM DES ( Figures 5B and 5D , bottom trace) or 50 µM HPTE ( Figures 5F and 5H , bottom trace). These changes suggested actively-differentiating cells were targeted for death.
For experiments examining DES-treated embryonic thymocytes ( Figures 6A-6D ), 57% of control DN cells expressed low levels of CD5 ( Figure 6A , 0 cluster bar -white portion of bar) compared to 91% of surviving DN cells exposed to 50 μM DES ( Figure 6A , 50 μM cluster bar). For DP cells 38% of control cells expressed moderate levels of CD5 ( Figure 6B , 0 cluster bar -black portion of bar) compared to 65% of surviving DP cells exposed to 50 μM DES ( Figure 6B , 50 μM cluster bar). Analysis of TCR expression ( Figures 6C and 6D ) revealed 98% of control DN expressed low levels of TCR ( Figure 6A , 0 cluster bar -black portion of bar) compared to 100% of surviving DN cells exposed to 50 μM DES ( Figure 6A , 50 μM cluster bar). For DP cells, 87% of DP cells expressed moderate levels of TCR ( Figure  6B , 0 cluster bar -black portion of bar) compared to 99% of surviving DP cells exposed to 50 μM DES ( Figure 6B , 50 μM cluster bar). The observed significant increases in CD5 low and TCR low expressing cells in the DN and DP populations were balanced by statistically significant decreases in CD5 med (in DN) or CD5 high (in DP) and TCR high expressing cells (Table 8, DES) . These results indicated a targeted loss of CD5 high and TCR high cells as a result of DES treatment.
For experiments examining HPTE-treated embryonic thymocytes ( Figures 6E-6H ), 57% of control DN cells expressed low levels of CD5 ( Figure 6E , 0 cluster bar -white portion of bar) compared to 89% of surviving DN cells exposed to 50 μM DES ( Figure 6E , 50 μM cluster bar). For DP cells 27% of control DP cells expressed moderate levels of CD5 ( Figure  6F , 0 cluster bar -black portion of bar) compared to 64% of surviving DP cells exposed to 50 μM DES ( Figure 6F , 50 μM cluster bar -black). Analysis of TCR expression ( Figure 6G and 6H) revealed 96% of control DN expressed low levels of TCR ( Figure 6G , 0 cluster bar -black portion of bar) compared to 100% of surviving DN cells exposed to 50 μM DES ( Figure 6G , 50 μM cluster bar). For DP cells, 89% of DP cells expressed moderate levels of TCR ( Figure 6H , 0 cluster bar -black) compared to 98% of surviving DP cells exposed to 50 μM DES ( Figure 6H , 50 μM cluster bar). The observed statistically significant increases in CD5 low and TCR low expressing cells in the DN and DP populations treated with HTPE, were balanced by statistically significant decreases in CD5 high and TCR high expressing cells (Table 8 ). In the case of HPTE, changes in TCR in the DP population were not significant (Table 8 , bottom two rows). These results showed a similar targeted loss of CD5 high DN and DP cells and TCR high DN cells upon HPTE treatment. Overall, these data suggest that TCR-signaled cells were preferentially targeted by -or were sensitive to -DES or HPTE in the differentiation cultures.
Discussion
Many groups have shown that the adult thymus atrophies and thymocytes die in mice and rats exposed to exogenous estrogen (Luz et al. 1969; Luster et al. 1984; Silverstone et al. 1994; Staples et al. 1998; Okasha et al. 2001; Zoller and Kersh 2006; Zoller et al. 2007; Wang et al. 2008) , DES (Barnes et al. 1983; Calemine et al. 2002; Brown et al. 2006b; Frawley et al. 2011 ), genistein (GEN -Yellayi et al. 2002 or MXC (Fukuyama et al. 2010 (Fukuyama et al. , 2011 . A few studies have examined EDC effects on younger animals treated in vivo during gestation (DES -Luster et al. 1979 , Holladay et al. 1993 , Besteman et al. 2005 , Brown et al. 2006b ), in vivo during gestation and post natally (DES -Fernaux et al. 2004; GEN -Guo et al. 2002 MXC -Chapin et al. 1997 , Takeuchi et al. 2002 White et al. 2005) or only in vitro (DES - Lai et al. 1998 Lai et al. , 2000 . For most of these studies, it has been difficult to identify commonalities in the effects of estrogen or estrogenic EDC exposure on the process of development, as the studies used varied routes of administration, timing of exposure, and outcome measures, predominantly from post-natal or adult cells.
The purpose of this study was to elucidate the presence and significance of any adverse effects of HPTE on embryonic T-cell development, by examining embryonic thymocytes exposed concurrently in vitro to differentiation signals and HPTE. In addition to probing whether HPTE induced death in embryonic thymocytes, this study evaluated CD4/CD8 surface phenotype and activation status of impacted thymocytes to determine whether maturation stage/TCR ligation history of the cells might influence EDC susceptibility. To accomplish these goals, GD16-18 embryonic thymocytes were harvested and cultured in two-day in vitro differentiation assays that mimicked the early stages of thymocyte development, primarily positive selection. The study here found that a relatively high concentration (≥ 12.5 μM, data not shown and Figure 2 ) of DES or HPTE was required to induce significant cell loss in vitro. In agreement with previous studies of thymocytes from adult mice exposed to MXC (Fukuyama et al. 2010 (Fukuyama et al. , 2011 , embryonic thymocytes exposed to HPTE or DES in vitro exhibited hallmarks of apoptosis, including rapid up-regulation of caspase 8 activity and PS staining. Prior studies of caspase 8 activation in thymocytes had also showed rapid activation (as early as 3 hr post-treatment; Jiang et al. 1999) . Unlike prior studies of a uterine cell line (Hewitt and Korach 2011) , nM level doses of HPTE did not induce proliferation in embryonic thymocytes; however, µM doses did induce cell death.
The normal maturation of T-cells requires that thymocytes pass tests of their TCR function and autoreactivity, i.e., positive and negative selection, to yield functionally mature and nonautoreactive cells (Starr et al. 2003) . The current study found that DP and CD4 intermediate cells were preferentially lost in response to EDC exposure, suggesting targets of positive and negative selection were the most susceptible. The loss of CD4 intermediates may have been due to direct effects on these cells or a blockage of differentiation (i.e., DP cells did not progress to CD4 intermediate stage). Regardless of mechanism, these data were the first to show HPTE could affect differentiation of embryonic DP thymocytes to CD4 intermediate cells, a critical step in thymocyte differentiation. Interestingly, in our hands, Bisphenol A (BPA) or estrogen exposure showed effects similar to HPTE and DES at low and high doses, whereas methylparaben (MPB) had no effect up to a 100 µM dose (data not shown). Thus, many but not all putative estrogenic EDC act to diminish numbers of embryonic thymocytes of the DP and CD4 intermediate stages.
Alterations of CD5 expression occur in concert with thymocyte maturation such that CD5 serves as an indicator and modulator of TCR ligation (Azzam et al. 1998 (Azzam et al. , 2001 Tarakofsky et al. 1995) . Data from phenotypic analysis of HPTE or DES treated thymocytes in this study showed that thymocytes with the highest expression of CD5 and TCR (i.e. thymocytes actively signaling through TCR) were lost. TCR and CD5 phenotypic analysis provided a functional measure of activation status and further supported the hypothesis that HPTE exposure targets thymocyte populations undergoing critical differentiation steps, in agreement with our data on cell maturation stage.
Only one other published study (Brown et al. 2006a ) has directly investigated whether an EDC might alter thymocyte developmental programming. Those authors treated 6-wk-old H-Y-specific TCR transgenic mice with DES twice by subcutaneous injection. A presence of the H-Y TCR transgene allowed a large proportion of thymocytes to be signaled for differentiation simultaneously and ultimately give rise to CD8 T-cells. In female mice (where H-Y antigen is absent) expression of the transgene results in a preponderance of CD8 SP cells, whereas in males (H-Y antigen present) the CD8 SP are mostly absent. In DEStreated H-Y TCR transgenic mice, the ratio of CD8 SP to other cells changed, but the absolute numbers of cells remained the same (calculated from reported data) in females (control ~28 × 10 6 vs. DES ~21 × 10 6 ) and in males (control ~4.3 × 10 6 vs. DES ~4.0 × 10 6 ). These data suggested that in H-Y TCR transgenic mice, pre-existing CD8 SP were resistant to treatment with -or that differentiation of DP thymocytes into CD8 SP was unaffected by -DES treatment. However, DP thymocyte cell numbers were reduced in females (control ~200 × 10 6 vs. DES ~97 × 10 6 ) as well as in males (control ~15 × 10 6 vs. DES ~0.1 × 10 6 ). Reductions in DN (by 16% of control cell numbers) and CD4 SP (by 92% of control) were only seen in DES-treated males. From the data, one can conclude thymocytes strongly stimulated through the TCR (H-Y males, antigen present) experienced broader losses of populations than thymocytes (H-Y females, no antigen) that were not. If strongly-stimulated thymocytes were depleted by DES, one might expect a reduction in the proportion of TCR high cells three days after injection. Their results show, however, enrichment for TCR high cells instead of any reduction. These data contrast with the present findings of a preferential loss of TCR high thymocytes.
Reconciling these data is complicated. Brown et al. (2006a) used injections into young adult mice. In that model, precursor immigration from bone marrow to thymus continued during the course of the experiment, shifting the ratio of treated:untreated cells in the thymus over time. Other work from that group (Brown et al. 2006b ) suggested embryonic thymocytes could recover from DES injection after 2 d. The H-Y TCR thymocytes in Brown et al. (2006a) were examined 3 d after injection, potentially allowing time for recovery. Further, H-Y TCR transgenic mouse thymocytes prematurely express fully-functional TCR. While it is unclear if early presence of a fully-functional H-Y TCR during development alters the dynamics of responses to DES, it is clear that appropriate timing of TCR expression (Shortman et al. 1991) correlates with normal differentiation of T-cells in the thymus. When expression is altered by a presence of transgenes (Baldwin et al. 2005; Serwold et al. 2007 ), aberrant development occurs. In the case of the H-Y TCR transgene system, transgene expression is 4-5-times greater than in wild-type mice and expression begins in the DN2, rather than DN3, stage seen with wild-type TCR (Baldwin et al. 2005) . These alterations lead to earlier than normal signaling (of greater intensity) through the TCR; this may explain the effects on DN thymocytes in Brown's H-Y TCR transgenic males and the reduced effects on embryonic DN thymocytes seen here. For these reasons, data from an H-Y TCR transgene system may not best reflect the impact of EDC, like DES, on non-transgenic thymocyte differentiation in vivo or in vitro. However, taken together, the current data and that of Brown et al. suggest thymocytes undergoing strong signaling may be more susceptible to EDC-induced death. Conversely, one would predict already-signaled thymocytes might be resistant.
An alternative hypothesis to TCR signal crosstalk as a mechanism of enhancing EDCinduced death is that EDC induce up-regulation of Fas/Fas L, and thus death. Fas/Fas ligand has been shown to play a pivotal role in gestational T-cell development as well. In mice, Fleck et al. (1998) identified a window of sensitivity to Fas from gestational day (GD) 15 to 17. In their study, the highest levels of Fas ligand were detected at Day 15, the same day apoptosis was first detected (in the medulla), whereas Fas (receptor) increased between Day 15 and 17. More mature DP and SP thymocytes became resistant to Fas-mediated apoptosis after GD17, but low avidity TCR interactions induced resistance to Fas-mediated death before GD17. Mixed cultures of thymocytes containing immature DN, DP, and mature SP cells support the idea that estrogen-induced thymic atrophy is also dependent upon Fas/Fas L interactions (Do et al. 2002) . However, when cortical DP thymocytes were separated from more mature medullary CD4 + CD8 − thymo-cytes, death of the DP thymocytes was not Fas/ FasL dependent (Kishimoto and Sprent 2001) . Reconciliation of these data is likely due to the fact that more mature CD4 + CD8 − thymocytes appear in measurable numbers later in gestation (beginning between GD16 and GD18), rather than changes in sensitivity of DP thymocytes to Fas-mediated death.
Both estrogen (Mor et al. 2001 ) and DES (Singh et al. 2012 ) are known to induce Fas and Fas L expression in the thymus. The Fas-mediated death pathway (of immature CD4 + CD8 − thymocytes) is represented in a small cohort of cells undergoing death; the DP thymocyte population undergoes death by a Fas-independent mechanism. Indeed, it has been shown that caspase 8, activated in DP thymocytes (Jiang et al. 1999 ) in a Fas-independent manner (Pozzesi et al. 2014) , is not an indicator of Fas-mediated death. Any use of mixed cultures of thymocytes would make discerning the role of Fas more difficult due to the differential susceptibility of the thymocyte populations. In the current study, these confounding variables were avoided by harvesting and culturing embryonic thymocytes at Days 16-18 gestation. At these timepoints, the majority of cells in the thymus are DP (70-90%) and the remaining cells are DN. Virtually none of the cells have matured beyond the DP stage. The natural enrichment of the embryonic thymocytes allowed for probing of the DP population, the primary target for selection events. Brown, 2005; Melichar et al. 2015 ) and which population(s) participate in responses to EDC. Data from chimeras (Staples et al. 1999) suggest that ERα on stromal cells may be responsible for the decrease in thymic cellularity rather than ERα on thymocytes themselves. If this is so, it would suggest stromal cells were inducing an extrinsic cell death pathway via FasL. The present study showed that DES and HPTE have direct effects on embryonic thymocytes. It is important to note this study separated thymocytes from TSC. The results thus cannot exclude a likelihood that TSC have a role in EDC-mediated toxicities in vivo (Kaplan et al. 2015) . Rather, it shows that in addition to potential TSC effects, EDC (like DES and HPTE) have direct effects on embryonic thymocytes similar to sustained thymocyte-thymocyte interactions that support negative selection (Melichar et al. 2015) .
It is not clear from the literature what role thymocytes play (as opposed to thymic stromal cells [TSC]:
Examining embryonic thymocytes in an in vitro differentiation culture (in the absence of stromal cells) made it possible to probe the role of thymocytes in EDC-derived effects, to determine whether differentiation processes have an impact on embryonic thymocyte sensitivity to DES or HPTE, and to identify specific populations of thymocytes that are more susceptible to EDC. Based on results here, DP and CD4 intermediate (semi-mature) thymocytes with high level expression of CD5 and TCR were most susceptible to death induced by DES or HPTE.
Conclusions
Because of the dearth of studies on the susceptibility of thymocyte developmental programming to EDC-induced perturbation and the near ubiquity of exposure to EDC, the impact of HPTE and other EDC on human health and the environment is likely underestimated. Moreover, the potential for EDC to create a dysfunctional immune system (Winans et al. 2011; Dietert 2014) highlights how critical it is to understand mechanisms of action of this class of molecules. What is learned from pesticides of concern like MXC/ HPTE can be used to determine what endogenous mechanisms (e.g., maturation and activation) might influence EDC susceptibility among embryonic thymocytes during development. Findings here, in turn, could enhance the ability to both understand effects of MXC exposure and potentially serve as a generalizable model for EDC action on the development of the immune system.
While others have shown that thymocytes die by apoptosis in response to exogenous estrogen, DES, or MXC, this is the first study to have examined the impact of HPTE (primary metabolite and effective agent of MXC) on embryonic thymocyte development. This study showed HPTE induced death in embryonic thymocytes; significant Annexin V staining occurred faster (4 hr) with HPTE than with DES (6 hr), and HPTE-exposed cultures had larger numbers of surviving cells, suggesting differences in ability to induce cell death.
This was also the first EDC study to focus on understanding intrinsic qualities that make differentiating embryonic thymocytes susceptible to these agents. The plate-based in vitro differentiation assay mimicked in vivo signaling events that lead to survival and differentiation of thymocytes, while avoiding confounding variables such as stromal cell/ thymocyte interactions and bone marrow precursor immigration. Thus, this study was able to examine contributions of embryonic thymocyte interactions on HPTE and DES toxicity. The findings suggested to us that actively-differentiating embryonic thymocytes (high TCR and CD5 expression levels) were most susceptible to HPTE. An interesting corollary to these findings is whether completion of differentiation provides any protection from exposure.
A key question that remains is the mechanism of action of EDC, like HPTE, in this context. Chemicals such as DES and HPTE have been lumped together based on their known estrogenic properties (Folmar et al. 2002) , with the underlying assumption that the mode of action of these chemicals would be mediated by genomic estrogenic activity through classical estrogen receptors (ER). Indeed HPTE has been shown to act as an ERα agonist and an ERβ antagonist (Gaido et al. 1999 (Gaido et al. , 2000 . However, with regard to thymocyte development, estrogenic compounds have proven difficult to link solely to classical estrogenic activity. For example, ERα knockout mice still undergo atrophy when treated with estrogen (Staples et al. 1999; Erlandsson et al. 2001 ). Additional studies suggest that different receptors, such as GPER/GPR 30, may play a role in death of thymocytes at different stages (Wang et al. 2008) . Moreover, xenoestrogens have long been known to trigger nongenomic estrogenic responses (Watson et al. 2007 ; reviewed in Levin and Hammes 2016 and Xu et al. 2017) and to trigger cellular toxicity at high doses.
However, the nature of estrogen and xenoestrogen activity is complex (reviewed in Xu et al. 2017) . Estrogenic signaling leads to genomic and nongenomic responses, including regulation of miRNA (reviewed in Klinge, 2015) . For non-genomic effects, extranuclear receptors like plasma-membrane associated ER, ER splice variants (ERa 36 or 46), or GPER/GPR30 are implicated as potentially responsible for rapid intracellular signaling leading to enzymatic pathway induction (including Fas/Fas L signaling) or interactions with transcriptional co-regulators. In addition, EDC have been shown to have other toxic effects, potentially unrelated to their estrogenic activity. Gu and co-workers (2002) identified four mechanisms of toxicity, including damage to DNA, protein, membranes, and oxidative status.
Given the rapid response observed in this study (4 hr for apoptosis with HPTE), it seems unlikely that HPTE (or DES) is acting through classical genomic ER pathways. The preferential loss of embryonic thymocytes with high TCR and CD5 expression (indicating active differenti-ation) suggests a non-genomic signaling-mediated mechanism, perhaps influenced by TCR signaling crosstalk. However, the findings thus far do not rule out the possibility of a partially or strictly toxicity-mediated mechanism induced by damage to cellular components or alteration of the oxidative status of embryonic thymocytes. Further studies are underway to address these potential mechanisms. Embryonic thymocytes (GD16-18) exposed transiently to DES or HPTE during differentiation culture. Embryonic thymocytes were cultured 18-24 hr in presence of antibody listed above each panel and indicated concentrations of (A-D) DES or (E-H) HPTE on Day 1. On Day 2, cells were washed and transferred to plates without the antibody or toxicant. At the end of Day 2, cells were stained with fluorochrome-conjugated antibodies against CD4, CD8, TCR, and CD5. Each bar represents average number of cells in a given population (DN -white, DP -black, CD4 SP -hatched, and CD8 SP -grey) surviving indicated treatment. A blocked two-way ANOVA was used to examine differences across treatments, but within condition and within cell population. *Values significantly different under each condition (antibody type or combination) (see also Post-hoc analysis of Annexin V + /PI − mean cell numbers in 50 µM DES-or HPTE-treated thymocytes ( Figure   3 ). 
